Abstract
Introduction
For well over a decade, engineering educators have been extolling the benefits of external design competitions, with Formula SAE racing [1] and the Sunrayce Solar [2] vehicles being two examples with fairly high profiles. It is generally accepted that the hands-on design, build and test activities inherent with these projects provide students with invaluable experience for their future careers as engineers [3] . The majority of projects are student led and extra curricular. There is a long standing debate over whether or not these projects should be formally incorporated into the undergraduate curriculum. The resistance stems from the belief that the highly creative nature of the projects, together with the long hours that students invest in their designs, would end as soon as the project became course driven. Most schools adopt a compromise, whereby components of the projects appear in the senior year capstone design course. The debate has renewed in recent years over rising concerns with respect to student safety, together with the higher costs associated with support of the projects. However, the purpose of this paper is not to revive this debate, but to give two examples of in-class team design competitions. Both examples are mobile robot based competitions held in fourth year courses in mechatronics engineering as offered by instructors in mechanical engineering, one at Queen's University and the other at the University of Toronto.
When it comes to external team design competitions involving autonomous mobile robots, in North America the preeminent events are considered to be the IEEE Micromouse Contest, the AAAI Mobile Robot Competition and the RoboCup Robot Soccer Competition [4] . However, it is also fairly common to conduct mobile robot competitions as part of an electrical engineering curriculum [5] or as part of a first year engineering course [6] . It is claimed that the in-class competitions have similar benefits to external competitions, but have a greater impact as they involve more students.
The first three courses are offered by Electrical Engineering and the remaining courses are offered by Mechanical Engineering. The course Mechatronics Engineering or MECH 452 is the subject of this paper.
The majority of students taking MECH 452 are in their final year of a degree in mechanical engineering. There are also students from engineering physics and engineering mathematics. All students will have had earlier courses in design, electronics and computer programming. The objective of the course is to extend their working knowledge of engineering to include applied electronics and microcontroller programming. The course does not cover the full range of computing, electrical and mechanical engineering topics that typically come under the heading of mechatronics engineering. But experience has shown that it does succeed in sensitizing students to issues associated with the design of mechatronic systems MECH 452 is designed around a series of laboratories that involve a prototyping board, a microcontroller and a mobile robot. The laboratories are used to introduce the students to the microcontroller and different sensor technologies. Lectures are used to introduce the laboratories and to illustrate industrial applications of the technology. For the laboratories, students work in pairs, and this occupies the first nine weeks of the course. In the final three weeks of the course, the experience and knowledge gained in the laboratories is applied to a team design project that ends in a competition. Further details on MECH 452 can be found in [7] .
The original robot used in the course was designed in-house in 1999 and had an easy to use platform on which sensors, actuators and associated circuits could be mounted. A sharp increase in board failures in the Fall of 2008 prompted a switch to a commercial mobile robot manufactured by LynxMotion (see Figure 1) . The standard commercial model was modified for the needs of the course to include:
• Two separate batteries, 6 vdc for microcontroller and 12 vdc for motors • Front bumper added with limit switches
• Rear bumper with external battery holder
• 10 LED based battery health indicator
• Motor driver board mounted inside the deck (not accessible to students) • Microcontroller, protoboard and Lego on the deck (very accessible to students)
The chassis was originally marketed as a RadioControlled All-Terrain Vehicle (ATV). It was the robust "must be able to fall off of a table" criteria, that resulted in the selection of this particular chassis.
Queen's Project and Competition
The team design project conducted at the end of the course is used as the basis for the competition. The original version of the project, as illustrated in Figure 2 , was posed as a problem that mimics a team of autonomous mobile robots trying to find and isolate multiple landmines (represented by lights). Three floor mounted lights were hidden behind three blinds. There were four openings in the blinds. A team of 10 students and 5 robots was tasked to find and cover the 4 openings. Each team was required to give an oral presentation on their solution to the problem. The nature of the task was such that it made use of all of the technology learned in the first half of the course. The students learn very quickly that one of the biggest problems is that of spurious and faulty sensor readings. The bulk of the design time is spent addressing this problem, typically by the application of redundant sensors in combination with innovative programming. This version of the project was run for 3 years, at which time it was judged time to switch to a new task, prompted in part by the introduction of a colour camera as one of the available sensors.
The second version of the project, as illustrated in Figure 3 , was posed as a problem that mimics the task of autonomous vehicle navigation, with robots going in opposite directions on "2 way streets". The test arena was rectangular, partitioned into streets, with robots starting in opposite corners, with red, yellow, green and blue balls as stationary targets. Each team of 8 students and 4 robots was tasked to drive from their start point to their designated colour target, without collisions. Robot mounted cameras were used to identify the colour of the target balls. This version of the project was run for 2 years, at which point the switch to the new version of the mobile robot prompted a third and current version of the project. The current version of the project, as illustrated in Figure 4 , is posed as a problem that also mimics the task of autonomous vehicle navigation, but with robots going in the same direction, in a classic "follow the leader" fashion. As this task is intended for the newer robots that are faster and mechanically more robust than the original robots, the test arena has a raised platform from which the robots can fall off. The team of 4 robots is tasked to travel around the loop continuously until the allotted time (nominally 10 min) is up or one of the robots gets hung up. A red/green traffic signal (visible as green panel in the background of Figure 4 ) is used to regulate traffic. A colour camera on each robot is used to determine whether the signal is red or green.
Scoring is based on the performance of the robot team, the quality of the oral presentation and written report that each team submits to support their design solution. The project is conducted in 3 parts, with each part worth 10 % towards the final mark in the course. Table 1 illustrates the robot scoring for Part 3, which is the "competition component" illustrated in Figures 2 to 4 . One notes that a penalty based scoring system has been adopted, in which each robot team is assigned a perfect score to begin with, then marks are deducted for any infractions such as colliding with another robot. 
Experience with the Queen's Competition
The evaluation of the final task is set up as a "competition day" with invited guests. This is an opportunity for the students to showcase their work and to let other faculty gain an understanding of the work being done in this particular course. Rather than have all of the marking ride on this competition day and to ensure a successful presentation, a trial demonstration is held the day before with only the instructors (and other students) acting as the audience. Even though all of the elements of the final design task have been covered in earlier labs, the project makes students very aware of the systems engineering problems that crop up when assembling a large system from a number of smaller systems.
For the competition day the teams are allowed a fixed amount of time to demonstrate and the clock cannot be stopped. Any changes or fixes must be done within the allotted time. This allows the start and finish times of the presentation to be scheduled
Mechatronics at University of Toronto
The Mechatronics Stream as offered by the Department of Mechanical and Industrial Engineering at the University of Toronto was developed in order to lead to engineers with strong Mechanical Engineering design abilities. At the same time it contributes to their mastering the concepts of system modeling and analysis, analog and digital electronics, circuit design, motor and sensor integration and real-time control using microprocessors. All of these abilities are specifically covered in various courses offered to the Mechatronics Stream students. A special focus is integrating different technologies together and this is specifically pursued in two of the design courses offered in the fourth year.
The undergraduate curriculum at the University of Toronto is very flexible in the sense that it offers students the option to select more than one stream to follow with a stream being typically a sequence of three courses in a focused area. 
Toronto's Project and Competition
In the fourth year Mechatronics Principles and Mechatronic Systems courses the students are required to participate in design teams that will develop a solution to engineering problems. In Mechatronics Principles, for instance, the team takes the engineering problem from the conceptual stage to the prototype test stage. The class is ended with a competition. The design team is given a problem in the form of a Request For Proposal (RFP). The design team proposes a solution to the problem and if the solution is approved by the instructor and Teaching Assistants the team proceeds to build a prototype within the constraints of budget and time. The team members are expected to carry out all the tasks needed to ensure the success of their design/product including the purchase and machining of the required parts.
An example of an RFP was the development of a fully autonomous, electric-powered surface vehicle "Laboratory Rover" (see Figure 5 ). The rover is operated on a maze by following a white line and avoiding collisions (see Figure 6 ). The robot is expected to be fast, small and has the ability to turn. The students are asked to fabricate a "proof-ofconcept" prototype of the design they propose and to demonstrate it during a competition. In order to assist the students in developing their project, a series of labs are developed and students are asked to do them without submitting reports.
Typically there are 3 students per team per robot. The criteria used for project marking are technical accuracy, engineering insight, quality of the oral presentations, quality of the written reports, and quality and robustness of the fabricated robot prototype. Each member of the team is expected to take part in the oral presentations and contribute to the written reports. Each team is evaluated according to the division of points given in Table 2 . Teaching Assistants mark the students on all aspects of the project.
Experience with the Toronto Competition
One objective of the course is to have students learn to work in teams and to make frequent presentations to others about their progress. This is pursued as every student is required to present his/her own contribution to the project to the rest of the class at least twice during the semester. So far the feedback from students has been overwhelmingly positive. The fact that the course offers a number of labs run by Teaching Assistants and that are done throughout the term and that cover almost all of the basic skills needed to carry out the projects is very helpful to students. One aspect of the course is that it does not follow University of Toronto guidelines that require individual closely supervised work for every student to be at least 75% of the final mark of the course. Since this is a design and system integration focused course done in teams of three, these requirements were waived. Nevertheless, students are required to present orally and in writing their individual contributions to the project. The project accounts for 50% of the total mark of the course with the remaining 50% being determined from a final exam and midterm test focused on the lecture material.
Another aspect of this course refers to the safety of students while working on these projects. This is especially critical in the last two weeks of the semester when students need to work outside of the regular lab hours to finalize and test their prototypes. To ensure that students are always working in a safe environment, a Teaching Assistant is hired to assist students during evenings (5 to 8 pm) and week-ends for the last two weeks of the term. 
Other Schools
A survey of European mechatronics courses reveals that the majority are laboratory-based [8] . Although mobile robots have regularly been used as a tool in electrical engineering programs, mechatronics has provided an opportunity to introduce such devices to non-electrical, and in particular, mechanical engineering students. That said, a recent survey of 15 mechatronics courses offered by Canadian Mechanical Engineering Departments found that only 10 are laboratory based. Of those 10, only 5 used a mobile robot as the subject of a project. Of those 5, only 3 used the project as the basis for a competition (Queen's, Toronto and Waterloo).
Why a Competition ?
It is important to distinguish between two styles of competition. In one style, the objective of the competition is the defeat of the other competitors. In the second style, the objective is the defeat of a problem. The latter style is more conducive to teamwork, which has become an increasingly important element of an engineers education. Regardless of the style, a competition presents each student with a memorable example of a problem with more than one right answer, an exercise that is the essence of open ended design [3] . Some educators point out that students can be put off by competitions. Among the educators encouraging competitions, there is no general agreement as to what constitutes the best way of putting competitions to good use within an engineering curricula. As a general observation, some think that competitions need only be loosely coupled to the curriculum, and their role is to simply provide a break in the traditional model of material delivery. The idea here is that the beneficial effect of a competition derives precisely from the fact that it is a change from the regular curriculum.
Others argue that competitions are an effective way of motivating students and providing them with feedback and that, therefore, competitions should be based on the actual material taught in school, should be formally incorporated into the curriculum, and the competition results should be used to evaluate students (like an exam). Fun competitions (ones that usually involve an element luck and have rules that are open to interpretation) allow poor students to do well, thereby boosting their confidence. However, good students, who frequently like to have control over their marks, often dislike such competitions.
In spite of the contradictory opinions about the relevance of competitions to education and about how to conduct such competitions, it is our experience that the availability of good competitions is beneficial for education in almost any discipline.
A good competition should challenge the participants to give their best, or preferably more than that. If the regular curriculum is not sufficiently challenging, then good students should be encouraged to participate in external competitions.
It is generally acknowledged that enthusiastic organizers are important to the success of a competition. However, it should be noted that organizing a good competition is a major challenge, which must not be underestimated. The three main phases for holding a competition are: 1) preparation, 2) execution, and 3) follow-up. The first phase is organization, the setting up and posting of competition rules, competition tasks and judging procedures. The rules should be as complete and transparent as possible, to avoid misunderstandings with the students. The second phase is where the actual competition is carried out, the students do the competing and are evaluated. In the third and final phase, the results are analyzed and feedback is provided to the participants, preferably as a group. Unfortunately, this last phase is often neglected. When the feedback is provided as a class discussion, useful information can be collected to improve on the competition for its next offering.
Conclusions
Two examples of in-class team design competitions have been given. Both examples were mobile robot based competitions held in courses in mechatronics engineering as offered by instructors in mechanical engineering. The in-class competitions have similar benefits to external competitions, but can be considered to have greater impact as they involve more students within a given school.
